
41ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2023. Ò. 57. ¹ 6

Ïîð³âíÿëüíèé àíàë³ç òåìï³â ìîëåêóëÿðíî¿ åâîëþö³¿, 
òðàíçèòèâíîãî çcóâó òà éîãî åâîëþö³éíî¿ êîìïåíñàö³¿ 
çä³éñíåíèé íà ïðèêëàä³ ì³òîõîíäð³àëüíèõ (D-loop, 
cytb, COI, 12S RNA) òà ÿäåðíèõ (IRBP, Fv) ÄÍÊ-
ìàðêåð³â ó ï³äðîäèí³ Murinae. Çà ð³âíÿìè ì³íëèâîñò³
ìàðêåðè ìîæóòü áóòè ðîçä³ëåí³ íà òðè êëàñè: 1) 
ã³ïåðâàð³àáåëüí³ (D-loop), 2) ùî øâèäêî åâîëþö³îíó-
þòü (cytb, COI), 3) êîíñåðâàòèâí³ (12S RNA, 
IRBP, Fv). Â³äïîâ³äíî äî ð³âí³â ì³íëèâîñò³ ïðîÿâëÿ-
ºòüñÿ õàðàêòåð íóêëåîòèäíèõ çàì³ùåíü. Ó ñèòóàö³¿
D-loop ìàº ì³ñöå ìàêñèìàëüíèé ïî÷àòêîâèé òðàíçè-
òèâíèé çñóâ, ùî ÷àñòêîâî êîìïåíñóºòüñÿ âæå íà 
ðàíí³õ ñòàä³ÿõ âèäîóòâîðåííÿ, à ïîâí³ñòþ – íà åòà-
ïàõ äèâåðãåíö³¿ âèä³â. Âèðàæåíèé çñóâ â ìåæàõ ãåí³â 
cytb, COI êîìïåíñóºòüñÿ ëèøå ÷àñòêîâî, ïðè÷îìó 
ò³ëüêè íà ðîäîâîìó ð³âí³. Ãåíè 12S RNA, IRBP, Fv ç 
íèçüêèì ð³âíåì çñóâó íå âèÿâëÿþòü åâîëþö³éíî¿ êîì-
ïåíñàö³¿ ÿê òàêî¿, à çìåíøåííÿ ts/tv-³íäåêñó â åâîëþ-
ö³éíîìó ðÿäó ìàº ôîðìàëüíèé õàðàêòåð ³ º íàñë³ä-
êîì â³äíîñíîãî çìåíøåííÿ ð³çíèö³ ÷àñòîò òðàíçèö³é 
³ òðàíñâåðñ³é íà òë³ àáñîëþòíîãî çðîñòàííÿ ÷àñòîò 
çàì³ùåíü. Ïîçèòèâíèé çâ’ÿçîê ì³æ ³íòåíñèâí³ñòþ íóê-
ëåîòèäíèõ çàì³ùåíü, ð³âíåì òðàíçèòèâíîãî çñóâó òà 
òåìïàìè éîãî åâîëþö³éíî¿ êîìïåíñàö³¿ äîâîäèòü, ùî 
ö³ ÿâèùà ìàþòü îäíó ³ òó æ ïåðøîîñíîâó.

Êëþ÷îâ³ ñëîâà: ìîëåêóëÿðíà åâîëþö³ÿ, òðàíçèòèâíèé 
çñóâ, ts/tv-³íäåêñ, ãåíåòè÷íå íàñè÷åííÿ, åâîëþö³éíà ñïå-
ö³àë³çàö³ÿ, Murinae.

Âñòóï. Òåíäåíö³ÿ ïåðåâàæàííÿ ïåâíîãî òèïó 
íóêëåîòèäíèõ çàì³ùåíü ó õîä³ åâîëþö³éíîãî 
ïðîöåñó º óí³âåðñàëüíèì ïðàâèëîì ìîëåêó-
ëÿðíî¿ åâîëþö³¿ (Li, Graur, 1991). Òðàíçèòèâ-
íèé çñóâ, íà ïåðøèé ïîãëÿä ïàðàäîêñàëüíå 
ïåðåâàæàííÿ ÷èñëà òðàíçèö³é íàä òðàíñâåð-
ñ³ÿìè (Fitch, 1967; Vogel, Kopun, 1977; Brown
et al, 1982; Kumar, 1996; Belle et al, 2005; Stoltz-
fus, Norris, 2016), ñë³ä ðîçãëÿäàòè ÿê îêðåìèé 
âèïàäîê ö³º¿ çàêîíîì³ðíîñò³ (Stoltzfus, Norris, 
2016). Ïîâíîþ ì³ðîþ ÿâèùå ñïîñòåð³ãàºòüñÿ 

ïðè ñïîíòàííèõ ìóòàö³ÿõ ³ çóìîâëåíå â³äíîñ-
íîþ ëåãê³ñòþ íóêëåîòèäíèõ çàì³ùåíü ó ìåæàõ 
îäíîãî êëàñó õ³ì³÷íèõ ñïîëóê (A↔G, T↔C) ïî-
ð³âíÿíî ç ì³æêëàñîâèìè çàì³ùåííÿìè (A↔T, 
A↔C, G↔T, G↔C). Îñîáëèâèé ³íòåðåñ âèê-
ëèêàº åâîëþö³éíà êîìïåíñàö³ÿ òðàíçèòèâíîãî 
çñóâó (Rosenberg et al, 2003). ¯¿ ñóòü ïîëÿãàº â 
òîìó, ùî ç³ çá³ëüøåííÿì ð³âíÿ äèâåðãåíö³¿ â³ä-
áóâàºòüñÿ çìåíøåííÿ ìàñøòàá³â çñóâó, ÿêå ùå 
çáåð³ãàºòüñÿ íà âíóòð³øíüîâèäîâèõ åòàïàõ åâî-
ëþö³¿, àëå â ò³é ÷è ³íø³é ì³ð³ í³âåëþºòüñÿ íà 
ð³âí³ âèäîâî¿ òà ðîäîâî¿ äèâåðãåíö³¿. Åâîëþ-
ö³éíà êîìïåíñàö³ÿ – ÿâèùå íå î÷åâèäíå ³ çà-
çâè÷àé éîãî ïîâ’ÿçóþòü ³ç ãåíåòè÷íèì íàñè-
÷åííÿì (Philippe et al, 2011), ÿêå ìîæå ïî-
ð³çíîìó ïðîÿâëÿòèñÿ íà ð³âí³ òðàíçèö³é òà 
òðàíñâåðñ³é. Íå âèêëþ÷åí³ é ³íø³ îáñòàâèíè, 
çîêðåìà îñîáëèâîñò³ ìóòàö³éíîãî ïðîöåñó íà
ð³çíèõ åòàïàõ äèâåðãåíö³¿ (Mezhzherin, Tere-
shchenko, 2023).

ª ï³äñòàâè ââàæàòè, ùî õàðàêòåð òðàíçè-
òèâíîãî çñóâó òà éîãî åâîëþö³éíà êîìïåíñàö³ÿ 
º íåîäíîçíà÷íèìè â ð³çíèõ ãåí³â òà ÄÍÊ-
ìàðêåð³â (Keller et al, 2007). Òîìó â ðàç³ âñòà-
íîâëåííÿ ÷³òêîãî çâ’ÿçêó ì³æ îñîáëèâîñòÿìè
ì³íëèâîñò³ ãåíåòè÷íèõ ñèñòåì òà âèðàæåí³ñòþ 
â íèõ òðàíçèòèâíîãî çñóâó ìîæíà íàáëèçèòèñÿ 
äî ðîçóì³ííÿ ìåõàí³çì³â åâîëþö³éíî¿ äèâåð-
ãåíö³¿ íà ìîëåêóëÿðíîìó ð³âí³. Öå çàâäàííÿ 
ìîæíà âèð³øèòè, çàëó÷èâøè ñåð³þ ÿäåðíèõ òà
ì³òîõîíäð³àëüíèõ ÄÍÊ-ìàðêåð³â ³ ïðîàíàë³çó-
âàâøè îñîáëèâîñò³ ¿õíüî¿ åâîëþö³éíî¿ ì³íëè-
âîñò³ â ìàñøòàá³ òàêñîíîì³÷íî¿ ãðóïè ðàíãó 
ðîäèíè. Àäåêâàòíîþ ìîäåëëþ º áàãàòà â òàê-
ñîíîì³÷íîìó â³äíîøåíí³ ãðóïà Murinae, ãåíå-
òè÷íà äèâåðãåíö³ÿ ïàëåàðêòè÷íèõ ïðåäñòàâíè-
ê³â ÿêèõ, âíàñë³äîê äèñêóñ³éíî¿ ñèñòåìàòè-
êè (Mezhzherin, 1997; Mezhzherin, Tereshchenko, 
2023a), äîêëàäíî âèâ÷åíà ïî íàäçâè÷àéíî âå-
ëèêîìó íàáîðó ÄÍÊ-ìàðêåð³â (Michaux et al, 
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2002; Bellinvia, 2004; Yasuda et al, 2005; Young 
et al, 2018; Ge et al, 2019; Krasova et al, 2019;
et al, 2020).

Ìàòåð³àëè ³ ìåòîäè. Îñíîâîþ äîñë³äæåííÿ 
ïîñëóæèëè íóêëåîòèäí³ ïîñë³äîâíîñò³ øåñòè 
ÄÍÊ-ìàðêåð³â, âèâ÷åíèõ ó ïðåäñòàâíèê³â Mu-
rinae ç àêöåíòîì íà ïàëåàðêòè÷íó ôàóíó, ùî 
âçÿò³ ç GenBank. Ã³ïåðâàð³àáåëüíà ä³ëÿíêà êîíò-
ðîëüíîãî ðåã³îíó ìòÄÍÊ (D-loop): 4 ðîäè 24 
âèäè 60 ñ³êâåíñ³â; cytochrome b (cytb) gene: 5 
ðîä³â 42 âèäè 274 ñ³êâåíñà; cytochrome c oxi-
dase subunit I (COI) gene: 5 ðîä³â 23 âèäè 206
ñ³êâåíñ³â; mitochondrial 12S RNA rRNA (12S
RNA) gene: 4 ðîäè 27 âèä³â 41 ñ³êâåíñ; inter-
photoreceptor retinoid binding protein (IRBP)
gene: 4 ðîäè 24 âèäè 58 ñ³êâåíñ³â; Friend vi-
rus susceptibility 1 (Fv1) gene: 2 ðîäè 21 âèä 41 
ñ³êâåíñ. 

Äî ðîáîòè âçÿò³ ïîâí³ ïîñë³äîâíîñò³ ãåí³â ³ 
ã³ïåðâàð³àáåëüíà ä³ëÿíêà D-loop.

Âèâ÷åí³ñòü çà âèäàìè ìàº íàñòóïíèé âèãëÿä. 
Ð³ä Apodemus s. l.: A. agrarius (12S RNA, COI, 
cytb, D-loop, IRBP, Fv1), A. chevrieri (COI, cytb, 
D-loop, IRBP), A. chejuensis (COI), A. argenteus 
(COI, cytb, D-loop, IRBP, Fv1), A. draco (COI, 
cytb, D-loop, IRBP), A. gurkha (cytb, D-loop, 
IRBP), A. ilex (COI, cytb, D-loop, IRBP), A. lat-
ronum (COI, cytb, D-loop, IRBP), A. peninsulae 
(12S RNA, COI, Cytb, D-loop, IRBP), A. semotus 
(12S RNA, cytb, D-loop, IRBP, Fv1), A. speciosus 
(COI, cytb, D-loop, IRBP), A. nigrus (COI, cytb, 
D-loop, IRBP), A. alpicola (12S RNA, COI, cytb, 
D-loop, IRBP), A. flavicollis (12S RNA RNA, 
COI, cytb, D-loop, IRBP), A. hyrcanicus (cytb, 
Fv1), A. pallipes (cytb, Fv1), A. arianus (cytb, 
D-loop, IRBP, Fv1), A. ponticus (cytb, D-loop, 
Fv1), A. sylvaticus (12S RNA, COI, cytb, D-loop, 
IRBP, Fv1), A. uralensis (12S RNA, COI, cytb, 
D-loop, IRBP, Fv1), A. mystacinus (12S RNA, 
cytb, D-loop, IRBP), A. epimelas (12S RNA, 
cytb), A. rusiges (Fv1). Ð³ä Micromys: Mic. minutus 
(COI, cytb, D-loop, IRBP), Mic. erythrotis (COI, 
D-loop). Ð³ä Mus: M. musculus (12S RNA, COI, 
cytb, D-loop, IRBP, Fv1), M. spicilegus (12S RNA, 
COI, cytb, D-loop, IRBP, Fv1), M. spretus (12S 
RNA, COI, cytb, D-loop, IRBP, Fv1), M. ta-
taricus (=macedonicus) (12S RNA, COI, cytb, D-
loop, IRBP), M. cookii (12S RNA, cytb, Fv1), 
M. booduga (12S RNA, cytb, Fv1), M. caroli (12S 
RNA, cytb, Fv1), M. cervicolor (12S RNA, COI, 

cytb, Fv1), M. lepidoides (12S RNA, cytb, Fv1), 
M. nitidulus (cytb, Fv1), M. pahari (12S RNA, COI, 
cytb), M. saxicola (12S RNA, cytb), M. setulosus 
(12S RNA RNA, cytb), M. terricolor (cytb), 
M. mattheyi (Fv1), M. triton (Fv1), M. fragilicauda 
(Fv1). Ð³ä Rattus: R. rattus (12S RNA, COI, cytb, 
D-loop, IRBP), R. norvegicus (12S RNA, COI, 
cytb, D-loop, IRBP), R. pyctoris (COI, cytb). To-
kudaia: T. muenninki (cytb), T. osimensis (12S 
RNA, cytb), T. tokunoshimensis (cytb). Ïîâíèé 
ñïèñîê Genbank-íîìåð³â ïîñë³äîâíîñòåé, ÿê³ 
âèêîðèñòàíî ó ðîáîò³, äîñòóïíèé ó àâòîð³â çà 
çàïèòîì.

Îö³íêà òðàíçèòèâíîãî çñóâó çä³éñíåíà çà 
ñï³ââ³äíîøåííÿì òðàíçèö³é òà òðàíñâåðñ³é (ts/
tv-³íäåêñ).

Âèð³âíþâàííÿ ïîñë³äîâíîñòåé áóëî çðîá-
ëåíî ç âèêîðèñòàííÿì ïðîãðàìè BioEdit (v7.2.5) 
çà àëãîðèòìîì ClustalW (Hall, 1999). Îá÷èñëåí-
íÿ ïîïàðíèõ çíà÷åíü ãåíåòè÷íèõ äèñòàíö³é ç 
ìåòîþ âèÿâëåííÿ õèáíèõ ïîñë³äîâíîñòåé áó-
ëî çðîáëåíî ç âèêîðèñòàííÿì ïðîãðàìè MEGA 
(v11.0.11) (Tamura, Stecher, Kumar, 2021).×àñ-
òîòè òèï³â íóêëåîòèäíèõ çàì³ùåíü áóëè îá-
ðàõîâàí³ áåçïîñåðåäíüî ïðè ïîïàðíîìó ç³ñòàâ-
ëåíí³ ïîñë³äîâíîñòåé, ùî äîñë³äæóþòüñÿ.

Ðåçóëüòàòè. Ïîð³âíÿííÿ ìàñøòàá³â äèôåðåí-
ö³àö³¿ òàêñîí³â Murinae, ðåàë³çîâàíå çà ø³ñòü-
ìà ÄÍÊ-ìàðêåðàìè, ïîêàçóº, ùî âîíè ÷³òêî 
ïîä³ëÿþòüñÿ ùîíàéìåíø íà äâ³ ãðóïè. Ìàð-
êåðè ìòÄÍÊ (D-loop, COI, cytb) õàðàêòåðèçó-
þòüñÿ ÷àñòîòàìè íóêëåîòèäíèõ çàì³ùåíü íà 
ð³âí³ ñåðåäí³õ 0,151–0,158, òîä³ ÿê ÿäåðí³ ãåíè 
IRBP, Fv ³ êîíñåðâàòèâíèé ì³òîõîíäð³àëüíèé 
ãåí 12S RNA ìàþòü ð³âåíü çàì³ùåíü â äâà ðàçè 
íèæ÷èé ó ä³àïàçîí³ â³ä 0,057 äî 0,088 (òàáë. 1). 
Ð³çíèé ñòóï³íü ì³íëèâîñò³ ìàðêåð³â ïðîÿâëÿ-
ºòüñÿ íà âñ³õ òàêñîíîì³÷íèõ ð³âíÿõ (òàáë. 2). 
Ïðè÷îìó íàéá³ëüøîþ ì³ðîþ ïðè ïîð³âíÿííÿõ 
âèä³â îäíîãî ðîäó, äå ïîêàçíèêè âèñîêî ì³í-
ëèâèõ òà êîíñåðâàòèâíèõ ãåí³â â³äð³çíÿþòüñÿ ó 
òðè-÷îòèðè ðàçè.

Òðàíçèòèâíèé çñóâ ïåðøîïî÷àòêîâî ìàº ì³ñ-
öå çà âñ³ìà ìàðêåðàìè, ïðè öüîìó çíà÷åííÿ ts/
tv-³íäåêñó âàð³þº ó øèðîêèõ ìåæàõ. Éîãî ìàê-
ñèìàëüíå çíà÷åííÿ (ts/tv = 9,2) íà âíóòð³øíüî-
âèäîâîìó ð³âí³ ìàº ã³ïåðâàð³àáåëüíà ä³ëÿíêà 
D-loop. Ì³í³ìàëüíå çíà÷åííÿ ³íäåêñó ñïîñòå-
ð³ãàºòüñÿ çà ãåíîì Fv (1,2). Âèñîêîì³íëèâ³ ìàð-
êåðè Cytb òà COI ìàþòü íà âíóòð³øíüîâèäî-
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Òðàíçèòèâíèé çñóâ òà éîãî êîìïåíñàö³ÿ â åâîëþö³éíîìó ðÿä³ ï³äðîäèíè Murinae (Rodentia): 

âîìó ð³âí³ çíà÷åííÿ ts/tv-³íäåêñó 7,2 òà 6,1 
â³äïîâ³äíî, òîä³ ÿê êîíñåðâàòèâí³ ãåíè 12S 
RNA òà IRBP – ò³ëüêè 3,1. Íà âèäîâîìó òà 
ðîäîâîìó ð³âíÿõ çíà÷åííÿ ts/tv-³íäåêñó çà 
ï›ÿòüìà ìàðêåðàìè ïåðåâèùóº îäèíèöþ, à îòæå 
òðàíçèòèâíèé çñóâ çáåð³ãàºòüñÿ. Âèíÿòêîì º 
ã³ïåðâàð³àáåëüíà ÷àñòèíà D-loop, ts/tv-³íäåêñ 
ÿêî¿ íà âèäîâîìó òà ðîäîâîìó ð³âíÿõ çíèæóºòüñÿ 
äî 0,5. 

Êîìïåíñàö³ÿ òðàíçèòèâíîãî çñóâó ôîðìàëüíî 
ìàº ì³ñöå çà âñ³ìà ìàðêåðàìè, çà âèíÿòêîì ãåíà 
Fv, ts/tv-³íäåêñ ÿêîãî íàâ³òü äåùî çá³ëüøóºòüñÿ 
â ì³ðó çðîñòàííÿ äèâåðãåíö³¿ (òàáë. 2). Òåìïè 
êîìïåíñàö³¿ çà ðåøòîþ ãåí³â íåîäíîçíà÷í³ ³ ìàê-
ñèìàëüíèõ çíà÷åíü äîñÿãàþòü ó íàéì³íëèâ³øèõ 
ãåí³â, â ÿêèõ ñïî÷àòêó ñïîñòåð³ãàºòüñÿ íàéá³ëüø 
âèñîêèé ð³âåíü òðàíçèòèâíîãî çñóâó. Íàéâèù³ 
ïîêàçíèêè ìàº ã³ïåðâàð³àáåëüíà ä³ëÿíêà D-loop. 
Ñï³ââ³äíîøåííÿ ts/tv-³íäåêñ³â âíóòð³øíüîâè-
äîâîãî òà ðîäîâîãî ð³âí³â ó ðàç³ öüîãî ìàðêåðà 
ñêëàäàº 15,3. Âèñîê³ òåìïè êîìïåíñàö³¿ çñóâó 
òàêîæ ìàþòü ì³ñöå çà ãåíàìè CO² òà cytb, ó ÿêèõ 
ñï³ââ³äíîøåííÿ âíóòð³øíüîâèäîâèõ òà ðîäîâèõ 
ts/tv-³íäåêñ³â 5,6 òà 4,9 â³äïîâ³äíî. Êîíñåðâà-
òèâí³ ãåíè 12S RNA òà IRBP õàðàêòåðèçóþòüñÿ 
íåçíà÷íèìè ïàä³ííÿìè çíà÷åíü ts/tv-³íäåêñ³â 
(2,6 òà 1,5).

Êîìïåíñàö³ÿ çñóâó îáóìîâëåíà ò³ºþ îáñòà-
âèíîþ, ùî äèâåðãåíö³ÿ ïîñë³äîâíîñòåé D-loop, 
CO², cyt-b íà âèäîâîìó òà ðîäîâîìó ð³âíÿõ 
â³äáóâàºòüñÿ íà òë³ â³äíîñíî¿ ñòàá³ë³çàö³¿ ÷àñ-
òîò òðàíçèö³é òà ñòðèáêà ÷àñòîò òðàíñâåðñ³é 
(ðèñóíîê, à–â). Òîä³ ÿê çà êîíñåðâàòèâíèìè 
ãåíàìè ìàº ì³ñöå ñèíõðîííå çá³ëüøåííÿ ÷àñ-

òîò òðàíçèö³é òà òðàíñâåðñ³é, ïðè÷îìó íàâ³òü 
çà äåùî á³ëüøî¿ øâèäêîñò³ çðîñòàííÿ ÷àñòîòè 
òðàíçèö³é (ðèñóíîê, ã–å).

Îáãîâîðåííÿ. Ó ïðîâåäåíîìó äîñë³äæåíí³, 
ùî áàçóºòüñÿ íà ÷³òêî ïîð³âíÿííèõ äàíèõ, 
âñòàíîâëåíî, ùî òðàíçèòèâíèé çñóâ â ò³é ÷è 
³íø³é ì³ð³ çàâæäè ìàº ì³ñöå, òîä³ ÿê åâîëþö³é-
íà êîìïåíñàö³ÿ, ùî ôîðìàëüíî ïðîÿâëÿºòüñÿ 
â çìåíøåíí³ ts/tv-³íäåêñó â åâîëþö³éíîìó ðÿ-
äó, ìîæå áóòè â³äñóòíüîþ àáî â³äð³çíÿòèñÿ
çà òåìïàìè ³ ìàñøòàáàìè Öå îçíà÷àº íåîä-
íîçíà÷í³ñòü ÄÍÊ-ìàðêåð³â ÿê äî ïðîÿâó òðàí-
çèòèâíîãî çñóâó, òàê ³ éîãî åâîëþö³éíî¿ êîì-
ïåíñàö³¿ ³ ïåâíîþ ì³ðîþ º î÷³êóâàíèì ç îãëÿäó
íà ïîïåðåäí³ äàí³, ùî áóëè îòðèìàí³ çà äå-

Òàáëèöÿ 2. Ñåðåäí³ çíà÷åííÿ íóêëåîòèäíèõ çàì³ùåíü (sub) òà ts/tv-³íäåêñó (ts/tv), ùî îòðèìàí³ ïðè ïîïàðíèõ 
ïîð³âíÿííÿõ íà òðüîõ òàêñîíîì³÷íèõ ð³âíÿõ çà ð³çíèìè ÄÍÊ-ìàðêåðàìè

Ïðèì³òêà. N – ÷èñëî ïîïàðíèõ ïîð³âíÿíü.

DNA-markers
Âíóòðèøíüî-âèäîâèé Âèäîâèé Ðîäîâèé

Ìsub ts/tv N Ìsub ts/tv N Ìsub ts/tv N

IRBP
12S RNA
Fv
COI
cyt-b
D-loop

0,007
0,004
0,002
0,009
0,013
0,012

3,1
3,1
1,2
6,6
7,1
9,2

81
18
16

1123
1012
88

0,032
0,043
0,042
0,134
0,129
0,124

3,0
1,7
1,3
1,6
2,5
0,5

143
296
115
101
150
127

0,059
0,084
0,121
0,162
0,165
0,176

2,0
1,2
1,3
1,2
1,4
0,6

133
588
161
152
713
148

Òàáëèöÿ 1. Cåðåäí³ çíà÷åííÿ (M) ÷àñòîò 
íóêëåîòèäíèõ çàì³ùåíü (sub – â ö³ëîìó,
ts – òðàíçèö³é, tv – òðàíñâåðñ³é) òà ¿õ ñï³ââ³äíîøåíü 
(ts/tv)), ùî îòðèìàí³ ïðè ïîïàðíèõ ïîð³âíÿííÿõ
íà âèäîâîìó òà ðîäîâîìó ð³âíÿõ äèâåðãåíö³¿ â ìåæàõ 
ï³äðîäèíè Murinae çà ð³çíèìè ÄÍÊ-ìàðêåðàìè

DNA-
markers

M
N

sub ts tv ts/tv

IRBP
12S RNA
Fv
COI
Cytb
D-loop

0,057
0,072
0,088
0,151
0,158
0,152

0,040
0,040
0,050
0,087
0,097
0,053

0,017
0,032
0,038
0,064
0,061
0,099

2,4
1,3
1,2
1,4
1,6
0,5

276
351
276
253
861
276

Ïðèì³òêà. N – ÷èñëî ïîïàðíèõ ïîð³âíÿíü.
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ê³ëüêîìà ãåíàìè íà îáìåæåíîìó íàáîð³ îá’ºê-
ò³â (Tamura, Nei, 1993; Purvis, Bromham, 1997; 
Meyer, Weiss, 1999; Belle et al, 2005; Begun et 
al, 2007). 

Îòæå, â åâîëþö³éíîìó ðÿä³ Murinae ³ñíóþòü 
ê³ëüêà òèï³â íóêëåîòèäíèõ çàì³ùåíü. Ïåðøèé
òèï âëàñòèâèé ã³ïåðâàð³àáåëüí³é ä³ëÿíö³ D-loop,
ùî ìàº çíà÷íèé ïåðøîïî÷àòêîâèé ts/tv çñóâ ³

äå âæå íà ðàíí³õ åòàïàõ âèäîóòâîðåííÿ â³äáó-
âàºòüñÿ êîìïåíñàö³ÿ ïåðåâèùåííÿ ÷àñòîò òðàíñ-
âåðñ³é íàä òðàíçèö³ÿìè, à ïî÷èíàþ÷è ç åòà-
ïó âèäîâî¿ äèâåðãåíö³¿, ¿õ ñï³ââ³äíîøåííÿ âæå
â³äïîâ³äàº ìîäåë³ âèïàäêîâèõ çàì³ùåíü (Mezh-
zherin, Tereshchenko, 2023b). Öþ ñèòóàö³þ, î÷å-
âèäíî, ñë³ä ïîâ’ÿçóâàòè ç âèñîêèìè òåìïàìè 
åâîëþö³¿ ³ ãåíåòè÷íîãî íàñè÷åííÿ, ùî âëàñòèâ³ 

Çì³íè ÷àñòîò òðàíçèö³é (ts) òà òðàíñâåðñ³é (tv) â çàëåæíîñò³ â³ä ð³âíÿ íóêëåîòèäíèõ çàì³ùåíü (substitution 
level) â åâîëþö³éíîìó ðÿä³ ï³äðîäèíè Murinae çà ð³çíèìè ÄÍÊ-ìàðêåðàìè. Çãëàæóâàííÿ åìï³ðè÷íèõ êðèâèõ 
çä³éñíåíî çà ïîë³íîì³àëüíîþ ôóíêö³ºþ
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Òðàíçèòèâíèé çñóâ òà éîãî êîìïåíñàö³ÿ â åâîëþö³éíîìó ðÿä³ ï³äðîäèíè Murinae (Rodentia): 

ã³ïåðâàð³àáåëüíèì ôðàãìåíòàì ìòÄÍÊ (Henn 
et al, 2009).  

Äðóãèé òèï õàðàêòåðíèé âèñîêîì³íëèâèì 
ãåíàì CO² òà ñytb. Ïðè öüîìó ñèòóàö³ÿ êîì-
ïåíñàö³¿ íå òàêà êàðäèíàëüíà ÿê ó âèïàäêó ç 
ã³ïåðâàð³àáåëüíèì ìàðêåðîì. Íà âíóòð³øíüî-
âèäîâîìó òà ðàíí³õ åòàïàõ òàêñîíîì³÷íî çíà-
÷óùî¿ äèâåðãåíö³¿ ìàº ì³ñöå ÿâíèé òðàíçè-
òèâíèé çñóâ, ùî íà åòàï³ ðîäîâî¿ äèâåðãåíö³é 
êîìïåíñóºòüñÿ ñòðèáêîïîä³áíèì çðîñòàííÿì 
÷àñòîò òðàíñâåðñ³é íà òë³ â³äíîñíî¿ ñòàá³ë³çà-
ö³¿ ÷àñòîò òðàíçèö³é. Öå ïðèçâîäèòü äî âèð³â-
íþâàííÿ ÷àñòîò òðàíçèö³é òà òðàíñâåðñ³é ïðè 
çáåðåæåíí³ íåçíà÷íîãî òðàíçèòèâíîãî çñóâó. Öå 
îçíà÷àº, ùî çà âèñîêî ì³íëèâèìè ãåíàìè COI 
³ ñytb ìàº ì³ñöå ëèøå ÷àñòêîâà êîìïåíñàö³ÿ. 

Òðåò³é òèï çóñòð³÷àºòüñÿ ó êîíñåðâàòèâíèõ 
ãåí³â 12S RNA òà IRBP, ùî ïåðøîïî÷àòêîâî 
ìàþòü ëèøå íåçíà÷íèé òðàíçèòèâíèé çñóâ. Ó
öüîìó âèïàäêó òðàíçèö³¿ ³ òðàíñâåðñ³¿ â äèâåð-
ãóþ÷èõ ô³ëåòè÷íèõ ë³í³ÿõ íàêîïè÷óþòüñÿ ð³âíî-
ì³ðíî ³ íàâ³òü ç òåíäåíö³ºþ äåÿêîãî ïåðåâà-
æàííÿ òðàíçèö³é. Ïðè öüîìó ñóòî ôîðìàëüíå 
çíèæåííÿ çíà÷åíü ts/tv-³íäåêñó â åâîëþö³é-
íîìó ðÿä³ âèçíà÷àºòüñÿ ñóòî ìàòåìàòè÷íèìè 
îáñòàâèíàìè: â³äíîñíèì çìåíøåííÿì ñòóïåíÿ 
â³äì³ííîñòåé ÷àñòîò òðàíçèö³é òà òðàíñâåðñ³é 
ïîð³âíÿíî ³ç çðîñòàííÿì àáñîëþòíî¿ ê³ëüêîñò³ 
çàì³ùåíü. 

Îñîáëèâà ñèòóàö³ÿ ñêëàëàñÿ çà ãåíîì Fv, â 
ìåæàõ ÿêîãî ñïîñòåð³ãàºòüñÿ íàéìåíøèé çñóâ, 
à åâîëþö³éíà êîìïåíñàö³ÿ, íàâ³òü ôîðìàëüíà, 
âçàãàë³ íå íàñòàº.

Òàêèì ÷èíîì, ì³æ ñòóïåíåì íóêëåîòèäíèõ 
çàì³ùåíü, ð³âíåì òðàíñâåðñèâíîãî çñóâó òà òåì-
ïàìè éîãî åâîëþö³éíî¿ êîìïåíñàö³¿ ³ñíóº ïî-
çèòèâíèé çâ’ÿçîê. Ïðè÷îìó ðåàëüíà êîìïåí-
ñàö³ÿ òðàíçèòèâíîãî çñóâó â³äáóâàºòüñÿ ò³ëüêè 
çà ãåíàìè, ùî øâèäêî åâîëþö³îíóþòü. Öå 
îçíà÷àº, ùî îçíà÷åí³ òðè ïðîöåñè ìàþòü ºäè-
íó ïåðøîîñíîâó, ÿêîþ, î÷åâèäíî, º òåìïè ³ 
õàðàêòåð ìóòóâàííÿ.

ßâèùå åâîëþö³éíî¿ êîìïåíñàö³¿ òðàíçèòèâ-
íîãî çñóâó ìîæíà ïîÿñíèòè ÿê ç ïîçèö³¿ ãå-
íåòè÷íîãî íàñè÷åííÿ, òàê ³ ãåíåòè÷íî¿ ñïå-
ö³àë³çàö³¿. Ó ïåðøîìó âèïàäêó öå íàêîïè÷åííÿ 
äèâåðãóþ÷èìè ô³ëóìàìè òðàíñâåðñ³é – ð³äê³ñ-
íèõ, à òîìó ÷àñò³øå çà âñå íåçâîðîòíèõ ìóòà-
ö³é. Öå àâòîìàòè÷íî ïðèçâîäèòü äî òîãî, ùî 
íà ìàêðîåâîëþö³éíîìó ð³âí³ ÷àñòîòè òðàíçè-

ö³é òà òðàíñâåðñ³é ïîñòóïîâî âèð³âíþþòüñÿ 
àáî îñòàíí³ ïî÷èíàþòü ïåðåâàæàòè. Ó äðóãî-
ìó – öå îáìåæåííÿ ãåíåòè÷íî¿ ð³çíîìàí³ò-
íîñò³ íà ê³íöåâèõ åòàïàõ åâîëþö³¿ ô³ëóìó âè-
êëèêàíå ñïðÿìîâàí³ñòþ åâîëþö³éíîãî ïðîöå-
ñó. Âíàñë³äîê ÷îãî íà ì³êðîåâîëþö³éíîìó ð³âí³ 
ìîæëèâèìè çàëèøàþòüñÿ ìàêñèìàëüíî éìî-
â³ðí³ çàì³ùåííÿ, òîáòî òðàíçèö³¿. Çà ôåíîìå-
íîëîã³÷íî¿ ñõîæîñò³ öèõ ³íòåðïðåòàö³é ïðè-
éíÿòòÿ ò³º¿ ÷è ³íøî¿ êîíöåïö³¿ ìàº ð³çí³ òåîðå-
òè÷í³ íàñë³äêè. Ó ïåðøîìó âèïàäêó – öå âèçíà-
ííÿ ñòàëîñò³ òåìï³â òà íåçàëåæíîãî õàðàêòåðó 
ìóòóâàííÿ íà ðàíí³õ òà ï³çí³õ åòàïàõ åâîëþ-
ö³¿. Ó äðóãîìó, öå íåð³âíîì³ðí³ñòü ìóòóâàííÿ 
íà ð³çíèõ åòàïàõ äèâåðãåíö³¿ ³ ïîâ’ÿçàíå ç öèì 
ôîðìóâàííÿ óÿâëåííÿ ïðî ô³ëóì ÿê ö³ë³ñíî 
åâîëþö³îíóþ÷ó ñèñòåìó. 

Âèñíîâêè. Àíàë³ç åâîëþö³éíî¿ ì³íëèâîñò³ 
øåñòè ì³òîõîíäð³àëüíèõ òà ÿäåðíèõ ìàðêåð³â â 
ìåæàõ åâîëþö³éíîãî ðÿäó ïàëåàðêòè÷íî¿ ãðó-
ïè ìèøåé ï³äðîäèíè Murinae äàº ï³äñòàâó 
äëÿ íàñòóïíèõ óçàãàëüíåíü. Ïåðøîïî÷àòêîâèé 
òðàíçèòèâíèé çñóâ ìàº ì³ñöå çà âñ³ìà ìàð-
êåðàìè, ïðè÷îìó íàéá³ëüø âèðàçíèì éîãî 
ïðîÿâ º ó ã³ïåðâàðèàáåëüí³é ä³ëÿíö³ D-loop ³ 
âèñîêîì³íëèâèõ ãåí³â cytb, COI, ó ïîð³âíÿíí³
ç êîíñåðâàòèâíèìè 12S RNA, IRBP, Fv. Ðå-
àëüíà åâîëþö³éíà êîìïåíñàö³ÿ òðàíçèòèâíîãî 
çñóâó â³äáóâàºòüñÿ ëèøå çà âèñîêîì³íëèâèìè 
ìàðêåðàìè. Ïðè÷îìó ó âèïàäêó ã³ïåðâàð³à-
áåëüíî¿ ä³ëÿíêè D-loop íà âèäîâîìó ³ ðîäîâî-
ìó ð³âíÿõ äèâåðãåíö³¿ â³äáóâàºòüñÿ ïåðåõ³ä äî 
ìîäåë³ âèïàäêîâèõ çàì³ùåíü, òîä³ ÿê ó âèïàäêó 
ãåí³â cytb òà COI ìàº ì³ñöå ëèøå òåíäåíö³ÿ 
äî çìåíøåííÿ ð³çíèö³ â ÷àñòîòàõ òðàíçèö³é 
òà òðàíñâåðñ³é. Îòæå ì³æ ð³âíåì åâîëþö³éíî¿ 
ì³íëèâîñò³, ìàñøòàáîì òðàíçèòèâíîãî çñóâó òà 
òåìïàìè éîãî åâîëþö³éíîãî êîìïåíñàö³¿ ³ñíóº 
ïîçèòèâíà êîðåëÿö³ÿ, à îòæå  ö³ ÿâèùà ìàþòü 
îäíó ³ òó æ ïåðøîîñíîâó.

Äîòðèìàííÿ åòè÷íèõ ñòàíäàðò³â. Öÿ ñòàòòÿ íå 
ì³ñòèòü áóäü-ÿêèõ äîñë³äæåíü ç âèêîðèñòàííÿì 
ëþäåé ³ òâàðèí ÿê îá’ºêò³â. 
Êîíôë³êò ³íòåðåñ³â. Àâòîðè çàÿâëÿþòü ïðî 
â³äñóòí³ñòü êîíôë³êòó ³íòåðåñ³â.
Ô³íàíñóâàííÿ. Öå äîñë³äæåííÿ íå îòðèìóâàëî 
áóäü-ÿêîãî êîíêðåòíîãî ãðàíòó â³ä ô³íàíñóþ÷èõ 
óñòàíîâ ó äåðæàâíîìó, êîìåðö³éíîìó àáî íå-
êîìåðö³éíîìó ñåêòîðàõ. 
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TRANSITION BIAS AND ITS COMPENSATION 
IN THE EVOLUTIONARY LINEAGE
OF THE SUBFAMILY MURINAE (RODENTIA): 
ANALYSIS OF NUCLEAR
AND MITOCHONDRIAL DNA MARKERS

S.V. Mezhzherin, S.Yu. Morozov-Leonov,
V.O. Tereshchenko 

I.I. Schmalhausen Institute of Zoology of NASU. Kyiv, 
B. Khmelnytskogo, 15  

Å-mail: smezhzherin@gmail.com 

Comparative analysis of the rates of molecular evolu-
tion, transition bias and its evolutionary compensation 
is carried out on the example of mitochondrial (D-loop, 
Cytb, COI, 12S RNA) and nuclear (IRBP, Fv) DNA 
markers in the Murinae subfamily. According to the 
levels of variability, markers can be divided into three 
classes: 1) hypervariable (D-loop), 2) rapidly evolving 
(Cytb, COI), 3) conservative (12S RNA, IRBP, Fv). 
The nature of nucleotide substitutions appears in ac-
cordance to the levels of variability. In the situation 
with D-loop, there is a maximum initial bias, which 
is already partially compensated at the early stages of 
speciation, and completely compensated at the stages 
of species divergence. The pronounced bias within the 
Cytb, COI genes is only partially compensated, more-
over at the genus levels. The 12S RNA, IRBP, and Fv 
genes with a low level of transition bias do not show evo-
lutionary compensation as such, and the decrease of the 
ts/tv index in the evolutionary lineage has a technical 
character and is a consequence of a relative decrease of 
the difference in the frequencies of transitions and trans-
versions against the background of an absolute increase 
in the frequencies of substitutions. The positive relation-
ship between the intensity of nucleotide substitutions, 
the level of transition bias and the rates of its evolution-
ary compensation proves that these phenomena have the 
same primary basis. 
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